Atrial distension, which stimulates atrial natriuretic peptide secretion by atrial myocytes, also stretches nonmuscle cells. In a noncontracting in vitro preparation of combined right and left atria we demonstrated by electron microscopy that, at 37°C, transition from zero pressure to a physiological distending pressure of 5.1 mm Hg rapidly rendered atrial endocardial endothelium permeable to the macromolecular probes horseradish peroxidase (HRP; Mr, =40,000) and wheat germ agglutinin-HRP (Mr, =70,000); each probe was introduced at the atrial cavitary endocardial surface. Stretch-dependent permeabilization was also demonstrable in spontaneously contracting atria, was reversed by removing the distending pressure, and was unaffected by varying external Ca2' concentration from 0.2 to 1.4 mM or by experimental perturbations that markedly decrease ANP secretory rates. Although transendocardial HRP and wheat germ agglutinin-HRP passage required stretch, native ferritin (Mr, P500,000) could traverse unstretched endocardium.
W hen distended in vitro by small hydrostatic pressures comparable to pressures prevailing in vivo, isolated noncontracting rat atria secrete atrial natriuretic peptide (ANP) at rates severalfold faster than their basal secretory rate in the absence of a distending pressure.' Both the basal and stretch-activated secretory rates are positively modulated by [Ca`+]0 and inactivate with time in a [Ca2`]-dependent manner.2 The two secretory rates predominantly reflect secretion via the regulated secretory pathway rather than via the constitutive secretory pathway. 3 Both rates are energy dependent1'3 and have a large apparent activation energy,' consistent with their regulation by at least three second-messenger pathways.
Although the mechanisms by which atrial stretch is transduced into an increase in secretory rate are as yet incompletely understood, the most probable primary loci for secretion-related stretch sensitivity are the atrial Figure 1 . Other preparations were incubated without stretching under comparable conditions. Unless otherwise indicated, all preparations were rendered noncontracting by the inclusion of 10 ,uM ryanodine in the incubating medium, which contained Ca2' at a concentration of either 0.2 or 1.4 mM. When mounted in the stretched state, the preparation could be selectively exposed for a variable duration to a chosen tracer 1) on its endocardial surface (the surface that, in vivo, faces the atrial cavities), 2) on its epicardial outer surface (also called the visceral pericardium, which, in vivo, faces the pericardial lumen), or 3) on both of these surfaces. Unstretched atrial preparations could also be tions but without the 5.1-mm distending pressure. Such unstretched preparations were bathed in the solution only on their epicardial surface. Alternatively, the unstretched atria were cut from their ventricular connections; their cut edges were sealed by exposure to a solution containing 1.4 At the end of the incubation period (which varied from 1 to 44 minutes), the atrial preparations exposed to EB were rapidly rinsed by dipping them in EB-free cold (4°C) solution, quick-frozen in liquid nitrogen, and cryosectioned in a cryotome (Reichert Histostat) either for observation on the cryotome or for observation under Hoffman modulation contrast optics with an Olympus microscope. Atria exposed to HRP, WGH-HRP, and ferritin were quickly rinsed, fixed with 3% glutaraldehyde, postfixed with OS04, embedded in Epon, thin-sectioned as previously described,5 and either stained with lead citrate or stained histochemically for peroxidase with or without additional opacification with lead citrate.6 Thick sections were examined under Hoffman optics to localize the products of the peroxidase reaction, and thin sections were similarly studied in the electron microscope.
To determine the atrial content of EB and the fraction of atrial water content equilibrating with EB, atrial preparations were incubated in the stretched state for 10 or 20 minutes at 37°C in a control solution containing 0.2 mM [Ca2+]0 and 10 ,M ryanodine. The preparations were split into two approximately equal pieces and rinsed twice at the end of the incubation period by dipping them momentarily in cold EB-free solution. They were then blotted on wet ice-cold filter mounted in the same apparatus as stretched prepara- Four atrial preparations were exposed for 20 minutes to incubating medium containing 0.37 mM EB, briefly rinsed, quick-frozen, and sectioned on the cryotome. When EB was initially present only in the solution bathing the endocardial surface, the entire myocardium was stained red, provided the atria were stretched; when the atria were not stretched, the red stain was restricted to the outer rim of the endocardial surface. When the dye was initially present only in the solution facing the epicardial surface, the stain remained restricted to the outer layer of the epicardium even when the preparation was stretched. In stretched preparations, when the temperature was reduced to 10-15°C, EB, initially present at the endocardial surface only, clearly passed across the endocardial endothelium into the interstitial spaces between the atrial myocytes; whether it also entered atrial heart muscle cells could not be unequivocally determined by microscopy. At 37°C, 100 Thus, we could not tell whether EB entered atrial myocytes by fluid-phase endocytosis or by the transporter for large organic anions, and because EB could not be reliably localized in atrial myocytes by light microscopy, we extended these preliminary studies with EB to probes that could be followed by electron microscopy. Atrial uptake of EB was, however, very useful as an inexpensive and rapid technique for preliminary screening of the permeability of atrial endocardium and epicardium to large molecules under various experimental conditions. Stretch-Dependent Endocardial Permeabilization to WGH-HRP, Unconjugated HRP, and Ferritin WGH-HRP. WGH is a lectin that binds to N-acetylglucosaminyl and sialyl residues on the external surface of plasma membranes. Primary cultures of atrial myocytes from adult rats internalize WGH during endocytic recycling of the plasma membrane.4,6 Figure 2 shows the distribution of WGH (conjugated to HRP) in the endothelial cells that make up the endocardial boundary of atria that have been stretched by a distending pressure of 5.1 mm Hg for 60 minutes at 37°C and have also been rendered noncontracting by 10 ,uM ryanodine in the presence of 0.2 mM [Ca2+]1. WGH-HRP is seen to be bound to the plasma membrane of the endocardial endothelium facing the atrial cavity. The conjugated lectin is also present within vesicular profiles lying in the endothelial cell cytoplasm. These profiles correspond in their distribution and their apparent affinity for WGH-HRP to well-described non-clathrin-coated vesicles in the endothelium of blood vessels. Such non-clathrincoated vesicles may also give rise to vesicle-derived continuous transendothelial channels.9 Pictures similar to Figure 2 were obtained in stretched atria incubated for only 10 minutes with WGH-HRP. In addition, some of the sections of stretched atria exposed to WGH-HRP on their endocardial surfaces contained profiles of cross-sectioned blood vessels in which the luminal surface was heavily stained with WGH-HRP (Figure 3 ), whereas the abluminal surface remained unstained. This finding is consistent with the conclusion that these vessels may be capillaries or venules normally draining into the atrial cavity via the thebesian veins, in which net flow into the atrial cavity has been reversed by the constant distending pressure of 5.1 mm Hg, so that net flow or diffuision is directed from the atrial cavity into the atrial wall. Figure 3 Figure 3 ). In contrast to WGH-HRP that was initially introduced at the luminal face of the endocardium, WGH-HRP that was introduced at the epicardial (visceral pericardial) surface of stretched atrial preparations but not at the endocardial surface was distributed differently ( Figure 4 ). When introduced at the epicardial surfaces, the WGH-HRP stained the external face of epicardial mesothelial cells, the plasma membranes of some of the atrial heart muscle cells, and the abluminal plasma membranes of endothelial cells of cross-sectioned blood vessels. Under these conditions, WGH-HRP was found neither on the luminal surface of cross-sectioned blood vessels nor on the internal or external endocardial surfaces of the atria.
In unstretched atria we never saw any evidence that WGH-HRP had crossed the entire endocardial endothelial cell barrier. Neither the vesicles in endocardial endothelial cells nor the junctions between these cells were stained, and the subendocardial connective tissue and the external surfaces of the atrial myocytes were devoid of the lectin. Unstretched atria exposed for 20 minutes to WGH-HRP only on the outer surface of the epicardial plasma membrane showed conspicuous binding to this membrane but no staining of vesicles or lysosomes in the epicardial mesothelial cells. The remainder of the atrium in unstretched atria (including the intra-atrial blood vessel profiles) was Preliminary experiments at 37°C indicated that, when HRP was present in the solution bathing the endocardial surface of stretched atrial preparations, it could be detected histochemically within 1 minute at the internal surface of the epicardium, as indicated by the finding that HRP had somehow traversed the endothelial and muscle cell layers to accumulate beneath the epicardium. To slow down this process, we reduced the experimental temperature to 18°C. Figure 5 shows that, after 10 minutes at 18°C, HRP had accumulated in the space underlying the endocardial endothelium and had penetrated into the narrow interstices between atrial heart muscle cells, thereby opacifying the plasmalemmal caveolae, which appear as black dots on either side of the interstitial space. HRP was also present within vesicles of the endocardial endothelium ( Figure 6 ). At 180C, HRP was not taken up by atrial heart muscle cells. Magnification, X8,271.
Ferritin. Figure 10 presents a representative result of equilibrating the endocardial surface of a stretched atrial preparation for 15 minutes at 37°C in a solution containing 0.2 mM [Ca2], and ryanodine, to which had been added highly purified and previously dialyzed native equine ferritin at a final concentration of 10 mg/ml. The figure shows that ferritin, a negatively charged molecule at the experimental pH, was present at very high concentration within a blood vessel lumen. The high concentration of ferritin within the blood vessel lumen (Figure 10 ) suggests that the tracer has passed directly into the vessel via a venous shunt (e.g., a thebesian vessel) from the ferritin-containing solution bathing the endocardial surface; subsequently, ferritin may have passed from the lumen of this blood vessel into the interstitial space. This mechanism does not rule out simultaneous stretch-activated passage of ferritin by transcytosis through the endocardial endothelium or by diffusion through the paracellular pathway. Figure 11 shows a representative result of experiments in which unstretched atria were equilibrated with ferritin on both endocardial and epicardial surfaces for 
Permeability of Stretched and Unstretched Epicardium
Experiments similar in design to the above experiments on stretch-dependent endocardial permeabilization were done to examine the effects of atrial distension on the epicardium as determined by changes in epicardial structure and by the passage of WGH-HRP, HRP, and ferritin across the epicardium when one of these probes was initially present only in the solution bathing the epicardial surface of the atrial preparation. It seems useful to precede the discussion of the results with a description of the relevant epicardial and subepicardial structures, beginning with epicardium unperturbed by stretch. Figure 12 is a low-magnification survey of the epicardial and subepicardial region from an unstretched rat atrial preparation fixed in the relaxed state at 37°C in the presence of 0.2 mM [Ca2I]0 and ryanodine after a 60-minute exposure to HRP on both epicardial and endocardial surfaces. Scanning from the lumen of the pericardium (top of the figure) and progressing downward, the section shows a layer of epicardial (visceral pericardial) mesothelial cells. These cells have large nuclei, prominent microvilli facing the pericardial lumen, and cryptlike depressions where the cytoplasm appears organized into multiple interlinked processes. Sandwiched between the first layer of mesothelial cells and the third layer of atrial heart muscle cells is a second layer of densely packed collagen fibers. Figure 13 shows that the mesothelial cells of the epicardium have a prominent rough endoplasmic reticulum and Golgi apparatus, consistent with a secretory func-H.,,+ e; Figure 7 . Absence of HRP in endocardium indicates that reversal of stretch reversed the permeabilization of endocardial endothelium to HRP. Magnification, x25,300. tion, and that they take up HRP by endocytosis into large vesicular structures (presumably secondary lysosomes). HRP also opacifies intercellular junctions between epicardial cells in this unstretched atrial preparation. In favorably oriented sections (Figure 14) , HRP opacifies an interstitial region between the base of the epicardial mesothelial cell and the collagen layer; as shown in the figure, this region is often interspersed with profiles of prominent nonmyelinated nerves containing small vesicles with cores that do not stain with lead citrate. Electron micrographs of an atrial preparation that was first stretched at 37°C for 10 minutes in 0.2 mM [Ca2]0, then removed from the cannula to discontinue stretch, and subsequently incubated for 10 minutes at 37°C in an HRP-labeled solution containing 1.4 mM [Ca2t]0 did not differ significantly from Figure 14 (data not shown).
Exploratory experiments on the ultrastructure of the epicardial mesothelium in stretched atria suggested that this cell type was often structurally unstable when stretched, presumably because stretch made the epicardium susceptible to fragmentation by either glutaraldehyde or OS04 (or by the combination of both of these fixatives). Stretch per se does not structurally damage the epicardium, because electron micrographs of atria previously stretched for 20 minutes by a distending pressure of 5.1 mm Hg followed by 5 minutes in the unstretched state at 0 mm Hg showed structurally normal epicardium. Figure 15 is an electron micrograph of the epicardium in an atrial preparation that was stretched for 5 minutes at 37°C, then fixed at 4°C in an isosmolal fixative containing 2% glutaraldehyde, and postfixed for 10 minutes in OS04 buffered with sodium cacodylate. This figure shows a segment of unusually well-preserved stretched epicardium consisting of thin epicardial cell processes (overlapping processes from adjacent mesothelial cells) that make junctional complexes with each other. The junctional complexes include gap junctions and desmosomes ( Figure 16 ) and presumably, although not specifically visualized with our technique, tight junctions. endothelial cells and, subsequently, in the subendocardial space and the interstices between heart muscle cells. These authors also injected HRP intravenously into rats and found that some of the HRP thus injected could be observed to localize within ventricular endocardial cell junctions that would today be classed as the intercellular space just before it narrows to form a tight junction. Anversa et al also identified HRP in ventricular endocardial "pinocytotic vesicles," and they
concluded that pressure gradients caused intravenously injected HRP in working or nonworking ventricles to diffuse through the endocardium into the ventricular chamber.
Although providing useful background information, these studies on capillaries, venules, and ventricular endocardium do not explain which of the above-listed pathways through atrial endocardium is quantitatively the most important for the macromolecular probes used In the absence of comparable measurements of atrial endocardium, a more detailed mechanism for stretchactivated endocardial permeabilization in atria seems unjustified at present. However, it is noteworthy that ANP, which we know to be secreted when noncontracting rat atria are stretched,1-3 acutely and reversibly raises the hydraulic conductivity of perfused frog mesenteric microvessels by doubling the total area available for capillary water movement.32,33 Therefore, it will be of interest to determine whether stretch-activated ANP release plays a role in the permeabilization of the endocardium in response to atrial stretch demonstrated in this article. In this connection, it may be relevant that rat endocardium has been shown by autoradiography to contain high concentrations of label after intravenous administration of`PI-labeled ANP.34 However, the finding that stretch-dependent endocardial permeabilization to HRP persisted even under conditions where stretch-activated ANP secretion was reduced to low 172 Circulation Research Vol 71, No 1 July 1992 values (18°C, or exposure to 8-chlorophenyl thio cAMP) suggests either that permeabilization is independent of ANP or that it is so highly ANP sensitive that the residual very low ANP concentrations released at 18°C were sufficient to permeabilize the endocardium. Do capillaries or venules connected with the atrial cavity via a thebesian circulation play a role in stretchdependent permeabilization of atrial endocardium under the condition of our experiments? Although speculative, that interpretation is suggested by the observation that, in stretched atria that were briefly exposed to ferritin or HRP on the cavitary surface of the endocardium, the probe was abundantly present in the lumen of profiles of capillaries or venules. The direction of flow in thebesian shunts is assumed to be determined by the prevailing balance between the distending hydrostatic pressure in the atrial cavity, the tissue hydrostatic pressure in the atrial muscle wall, and the wall tension. In vivo, this flow is normally believed to be from atrial venule to atrial cavity.35 Whether atrial thebesian vessels are compressed during atrial systole to the point of constriction or closure is not known, but it is conceivable that anterograde thebesian vessel flow from atrial venules into the atrial chambers might be an important pathway for rapid secretion of ANP into the atrial cavity and then into the ventricle, a phenomenon that may be significant for the relaxant effects of ANP on ventricular muscle.28 Conversely, when diastolic filling pressure rises, there may be a threshold at which flow in the thebesian venous system is retrograde (from the atrial cavity into the myocardium). Then the stretch dependence described in this article might permeabilize the endocardium and permit retrograde flow and diffusion of biologically active peptides or other large molecules into the interstices between atrial muscle cells. In general, at least some of these molecules might be expected to be picked up by the lymphatic system.36 Alternatively, some of them might enter atrial myocardial cells by the fluid-phase endocytosis associated with stretch-activated ANP secretion or by some other mechanism. Although we have carefully looked for uptake of HRP, WGH-HRP, or ferritin into myocardial cells of stretched atria, we have so far failed to find these probes in cardiac myocytes. In this respect, intact atria differ from primary cultures of atrial myocytes,46 which take up HRP by fluid-phase endocytosis and WGH-HRP by lectin receptor-mediated endocytosis.
Implications of the Observations
The distending pressure of 5.1 mm Hg that was used to stretch atria in these experiments is well within the physiological range. Atrial pressures substantially higher than this value (e.g., 18 mm Hg) are frequently experienced in human heart disease without seriously impairing cardiac function, at least over a short period. We have shown here that reversible stretch-associated permeabilization of atrial endocardium to large molecules is readily demonstrable in spontaneously contracting atria and takes place over a range of [Ca2+]0 from 0.2 to 1.4 mM. In this study, rapid stretch-dependent transendocardial transfer in the retrograde direction from the medium bathing the endocardium into and through the myocardium to the base of the epicardium was predictably observed, whereas anterograde transfer into the atrial cavity from the medium bathing the epicardium was much slower and exhibited no clear-cut stretch dependence.
If endocardial permeabilization similar to that observed in this article occurs in vivo, our data suggest that small elevations in the hydrostatic pressure distending the atria (in vivo, the diastolic filling pressure) favor the retrograde transfer of soluble proteins from the blood in the atrial cavity into the interstitial spaces bathing atrial myocytes. The data also suggest that the same conditions would promote retrograde flow of blood in thebesian vessels. A stretch-activated local elevation of the interstitial concentration of ANP might dilate the thebesian vessels by the well-known vasorelaxing action of this peptide. Retrograde transfer of peptides and plasma proteins along with the nonprotein components bound to these proteins could expose atrial myocytes to diverse biologically active substances. If it turns out that thebesian blood flow in the atria changes directions with the cardiac cycle, such an arrangement would constitute an accessory circulatory loop. One function of anterograde thebesian flow in the atria might be the rapid delivery of concentrated ANP to the pulmonary vascular bed via the right atrial and right ventricular chambers. Delivery of ANP to the left ventricular endocardium via the left atrial and left ventricular chambers might, in turn, induce the endocardium-dependent early relaxation of the left ventricular myocardial cells described by Meulemans et al. 37 The above considerations also suggest that additional experiments are needed to look for and characterize the nature and cell physiology of paracrine and autocrine secretion by endocardial endothelium (e.g., endocardium-derived relaxing factors and contracting factors) by analogy with the corresponding physiology and pharmacology of classical vascular endothelium (see Ruba- nyi'7 and Brutsaert28). The effects of neural, hormonal, mechanical, and paracrine stimuli on endocardial cells also require further study.
